A fundamental feature of the synaptic organization of retina is the laminar-specific structure, in which specific types of retinal neurons form highly selective synapses to transfer distinct synaptic signals. In mature vertebrate retina, the dendrites of most retinal ganglion cells (RGCs) are narrowly stratified and ramified in specific strata of the inner plexiform layer (IPL) of retina to synapse with distinct subtypes of bipolar cells (BCs). However, little is known of how retinal neurons form this laminar-specific synaptic structure during development. Recent studies showed that the formation of retinal synaptic circuitry is regulated by both gene expression and neuronal activity. Here I will briefly discuss the recent advances in our understanding of how synaptic activity modulates the maturation of RGC synaptic connections.
The neuronal image of the visual scene that is processed by the retina is conducted to the brain by a set of separated spatio-temporal pathways. The morphological basis for the formation of these parallel synaptic pathways is the laminar-specific structure of retina, in which specific subtypes of retinal neurons form synapses with highly selective presynaptic cells to receive distinct synaptic inputs (Masland, 2001; Wässle, 2004; Coombs & Chalupa, 2008; Strettoi, 2008) . Retinal ganglion cells (RGCs) are the output neurons of retina. The final pattern of the visual scene conducted to the brain by the RGCs is largely determined by their synaptic inputs from presynaptic bipolar cells (BCs) and amacrine cells (ACs). To achieve the functional specificity, it is crucial that RGCs narrowly stratify their dendrites in specific strata of the inner plexiform layer (IPL) of retina and only form synapses with a small group of highly selective presynaptic BCs and ACs (Masland, 2001; Wässle, 2004; Ghosh et al. 2004; Coombs & Chalupa, 2008 in developing retina. Recent studies showed that the formation of retinal synaptic circuitry is regulated by both intrinsic factors, such as genetic determination, and extrinsic factors, such as neuronal activity. In this short review, I will briefly discuss the recent advances in our understanding of how synaptic activity modulates the maturation of RGC synaptic connections. Although most of the evidence discussed in this review is from mouse, the major conclusions derived from those data appear to apply well to other species of non-primate mammals. This is reflected in an excellent review which addressed the similar developmental processes of ON and OFF synaptic pathways primarily based on the observations from cats and ferrets (Chalupa & Günhan, 2004) .
Cellular and synaptic structure of retinal synaptic pathways
A fundamental feature of the parallel signal process in the retina is the functional separation of increment and decrement luminance signals into ON and OFF pathways (Hartline, 1938) . The separation of ON and OFF pathways originates at the first synapse between photoreceptors (rods and cones) and BCs in the outer retina. In all vertebrate retinas, light stimulation hyperpolarizes the membrane potential of photoreceptors and decreases the synaptic release of glutamate from these cells. Glutamate released from photoreceptors activates an ionotropic glutamate receptor on cone OFF BCs and depolarizes their membrane potential. On the cone ON BCs and rod BCs, glutamate activates an APB (2-amino-4-phosphonobutyrate)-sensitive metabotropic glutamate receptor (mGluR) (Slaughter & Miller, 1981; Shiells et al. 1981) and hyperpolarizes the membrane potential of these cells through a G-protein-coupled mechanism (Nawy & Jahr, 1990; Shiells & Falk, 1990) . This sign reversing and non-reversing action of glutamate on the ON and OFF BCs separates the increment and decrement luminance signals into ON and OFF pathways.
The separation of ON and OFF pathways in RGCs relies on the synaptic connections between BCs and RGCs in distinct strata of the IPL of retina. There are about 11-14 morphologically distinctive subtypes of RGCs in mammalian retina (Masland, 2001; Rockhill et al. 2002; Sun et al. 2002; Diao et al. 2004; Kong et al. 2005; Coombs et al. 2006; Coombs & Chalupa, 2008) . These cells exhibit strikingly varied dendritic architecture (Cajal, 1893; Wässle & Boycott, 1991; Masland, 2001) , axonal projection patterns (Tootle & Friedlander, 1989; Garraghty & Sur, 1993; Yamagata & Sanes, 1995a,b) and responses to light stimulus. Despite the enormous diversity of the structural and functional properties among different subtypes of RGCs, all ON RGCs ramify only in sublamina b of the IPL and synapse with ON BCs. In contrast, all OFF RGCs ramify only in sublamina a of the IPL and synapse with OFF BCs (Famiglietti & Kolb, 1976; Nelson et al. 1978) . Only a small subset of ON-OFF RGCs ramifies their dendrites in both sublaminae and signals both the onset and termination of light (Amthor et al. 1984) . Therefore, a key element for the formation of parallel synaptic pathways at RGC level is the laminar-specific distribution of narrowly stratified RGC dendrites in the IPL. In mouse retina, this laminar-specific distribution of narrowly stratified RGC dendrites is not completed until 1 month after birth (Bansal et al. 2000; Diao et al. 2004; Xu & Tian, 2007) . A fundamental question is how each individual RGC achieves its laminar-specific dendritic distribution pattern in the IPL and functionally interacts with specific subtypes of BCs and ACs during the postnatal development. It is postulated that the formation of mature retinal synaptic circuitry may be considered as a two-step process. The first step includes the commitment of different cell types and an initial 'synaptic wiring' . This establishment of major cellular and synaptic structure of retina happens prenatally and during early postnatal development. The second step includes remodelling of synaptic connections and regulation of cellular activity. These events occur in later postnatal development (Tian, 2008) .
Neurogenesis and synaptogenesis of retina
The initial formation of the laminar structure of retina starts from an orderly differentiation of retinal neurons.
During retinal development, RGCs are the first neurons to differentiate, then cones and horizontal cells, followed by ACs and rods, and finally by BCs. Most retinal neurons differentiate before birth and mitosis is largely complete at, or shortly after, birth (Altshuler et al. 1991; Cepko et al. 1996; Rapaport et al. 1996; Marquardt & Gruss, 2002) . Retinal neurogenesis is largely determined intrinsically. Many genes have been identified to determine the fate of specific types of retinal neurons (Mu & Klein, 2008) . Genetic deletion of Pax6, a member of the homeobox gene family, or math5, a member of the basic helix-loop-helix (bHLH) family, blocked the differentiation of RGCs (Marquardt et al. 2001; Wang et al. 2001b; Brown et al. 2001; Marquartd & Gruss, 2002) , whereas genetic deletion of another member of the homeobox gene, Chx10, or bHLH family members, Math3 and NeuroD, disrupted the differentiation of BCs (Livne-Bar et al. 2006) and ACs (Inoue et al. 2002) . Interestingly, one study showed that reduction of glycine receptor activity decreased the number of rod photoreceptors in vivo (Young & Cepko, 2004) , indicating that neurotransmitter-mediated activity could regulate retinal neuron differentiation.
Synaptogenesis, however, follows a somewhat different pattern (Stone et al. 1984; Nishimura & Rakic, 1987) . Morphologically identified synapses of ACs in the IPL appear first; these are followed by the appearance of the synapses from photoreceptors to horizontal cells in the OPL. The last element to establish synaptic connections during development is the BC. BCs are functionally 'inserted' between synaptic elements of IPL and OPL thus providing the final synaptic link necessary to elicit light responses in RGCs. In many mammalian species this insertion occurs at, or slightly before, eye opening. In mouse, the rate of synaptogenesis for both ribbons and conventional synapsis in IPL reaches adult level by the age of P15 (Fisher, 1979a) . Although it is commonly assumed that molecular cues play a crucial role in retinal synaptogenesis, the exact molecular mechanisms, which guide the initial formation of the laminar-specific synaptic structure in the retina, are poorly understood. Recent studies showed that members of the immunoglobulin superfamily adhesion molecules, DSCAMs and sidekicks, direct laminar-specific synaptic connections between RGCs and BCs in chick retina (Yamagata & Sanes, 2008) and RGC neurite arborization and mosaic formation in mouse retina (Fuerst et al. 2008) .
On the other hand, many studies have shown that the initially established retinal synaptic circuitry is profoundly refined morphologically and functionally during postnatal development to form specific synaptic pathways, such as ON and OFF pathways. Early in postnatal development, the dendrites of RGCs ramify diffusely throughout the IPL in mammalian retinas (Maslim & Stone, 1988; Bodnarenko & Chalupa, 1993; Bodnarenko et al. 1995 Bodnarenko et al. , 1999 Bansal et al. 2000; Wang et al. 2001a; Diao et al. 2004) . With subsequent maturation, RGC dendrites become much more narrowly stratified in the IPL. In mouse retina, the width of RGC dendritic stratification decrease from 60% of the total IPL thickness at birth to approximately 20% of the total IPL thickness within 2 weeks after birth (Bansal et al. 2000; Diao et al. 2004; Xu & Tian, 2007) . At this age (P12), a large proportion of RGCs have a single layer of narrowly stratified dendritic plexus ramifying near the centre of the IPL and therefore they could synapse with both ON and OFF BCs ( Fig. 1A and E) . After eye opening, RGCs redistribute their dendrites from the centre of the IPL to sublamina a or b of the IPL (Fig. 1F ). This laminar-specific redistribution of RGC dendrites predicts an age-dependent decrease of the number of RGCs receiving synaptic inputs from both ON and OFF BCs. Indeed, analysis of RGC dendritic arborization in mouse retina shows that more than 30% of RGCs in P12 mice have a single layer of narrowly stratified dendritic plexus ramifying in both sublamina a and b of IPL but only 11% of RGCs in P33 mice ramify in both sublaminae a and b with one layer of narrowly stratified dendrites ( Fig. 1H ; Xu & Tian, 2007) . The impact of the developmental stratification and redistribution of RGC dendrites in the IPL on RGC synaptic inputs is also reflected physio- logically as an age-dependent decrease of the number of RGCs that respond to both the onset and offset of light stimulation. This maturational decline in the percentage of ON-OFF responding RGCs has been observed electrophysiologically in mouse, cat and ferret retinas (Bisti et al. 1998; Wang et al. 2001a; Tian & Copenhagen, 2003) . Interestingly, the developmental segregation of RGC dendrites into ON and OFF synaptic pathways after eye opening is not associated with a decrease in the width of RGC dendritic stratification in mouse (Fig. 1G) . This result triggers an important question of how a narrowly stratified RGC dendritic plexus could be reorganized so RGCs will synapse with only ON or OFF BCs in different strata of the IPL after eye opening. From a morphological point of view, the segregation of a narrowly stratified dendritic plexus of RGC into ON or OFF synaptic pathway after eye opening could not be achieved by simple dendritic elimination. It has to involve simultaneous adding of dendrites in one stratum and eliminating of dendrites in another stratum of the IPL. Consistent with this idea, a recent study of developing zebrafish retina using in vivo time-lapse imaging demonstrated that laminar-restricted dendritic plexus of RGCs could 'migrate' from the inner border of the IPL to the outer border of the IPL in 2-3 days without being diffusely elaborated throughout the IPL (Mumm et al. 2006) . Unfortunately, the same technique has not been successfully applied to the study of developing mammalian retina and therefore it has not been directly demonstrated whether mammalian RGCs could take the same developmental strategy as that of zebrafish RGCs to redistribute their dendrites in the IPL.
Activity-dependent remodelling of retinal synaptic pathways
It is well documented that both spontaneous synaptic activity before eye opening and light-evoked retinal activity after eye opening are critical for the normal development of synaptic circuitry in higher centres of visual system. Block of spontaneous or light-evoked retinal activity disturbed the development of eye-specific segregation of RGC axonal projection in the dorsal lateral geniculate nucleus (dLGN) (Shatz & Stryker, 1988; Penn et al. 1998; Chapman, 2000; Akerman et al. 2002; Muir-Robinson et al. 2002; Huberman et al. 2003; Grubb & Thompson, 2004; Torborg et al. 2005) , the fine-scale retinogeniculate projections (Hooks & Chen, 2006) , the visual map in superior colliculus (McLaughlin et al. 2003; Chandrasekaran et al. 2005; Mrsic-Flogel et al. 2005 ) and the precise thalamic projections to visual cortex (Rossi et al. 2001; Cang et al. 2005) . However, much less is known about the roles of synaptic activity in the maturation of RGC dendritic structure and synaptic connections. Recent studies demonstrated that both the spontaneous activity in early postnatal development before RGCs receive light-evoked synaptic inputs and visually evoked activity in later postnatal development influence the maturation of RGC synaptic connections.
Spontaneous synaptic activity and the formation of retinal synaptic circuitry
Several studies indicate that the initial formation of RGC synaptic connections is regulated by the spontaneous retinal activity before RGCs receive light-evoked synaptic inputs. In early developing vertebrate retina, RGCs fire periodic bursts of action potentials that are highly correlated and propagate across the RGC layer in a wave-like fashion (Wong, 1999) . These spontaneous retinal waves are mainly mediated by excitatory neurotransmission, such as cholinergic or glutamatergic synaptic transmission at different time periods during development. In mice, retinal waves before birth are mediated by both cholinergic and gap junctional synaptic transmission. Within the first postnatal week, retinal waves are only mediated by nicotinic acetylcholine receptors (nAChRs). Starting from the middle of the second postnatal week, retinal waves are mediated solely by GluRs (Feller et al. 1996; Bansal et al. 2000; Zhou, 2001; Demas et al. 2003; Feller & Blankenship, 2008) . The retinal waves had been implicated to direct the RGC axon projection to their thalamus targets in dLGN (Penn et al. 1998; Chapman, 2000; Grubb & Thompson, 2004; Torborg et al. 2005) . Recent studies suggest that these spontaneous activities might also regulate RGC dendritic maturation, dendritic filopodial movement and maintenance or elimination of existing processes (Wong et al. 2000; Wong & Ghosh, 2002) . In turtle retina, chronic block of nAChR-mediated retinal waves with curare in hatchlings reduced RGC receptive fields (Sernagor & Grzywacz, 1996) . In mice, retinal waves are thought to regulate the pruning of RGC dendrites from diffusely ramified patterns to narrowly stratified patterns during early postnatal development. Genetic deletion of β2 subunits of nAChR eliminated the retinal waves mediated by nAChRs during the first postnatal week and temporarily disturbed RGC dendritic stratification. The RGC dendrites of the mutants were not stratified or were only weakly stratified into two distinct sublaminae. Interestingly, the defects of RGC dendritic stratification disappear after the GluR-mediated retinal waves start during the second postnatal week. Between P8 and eye opening (P14), the RGC dendrites segregated into four or five distinguishable strata as that of wild-type animals (Bansal et al. 2000) .
The earliest evidence demonstrating the critical roles of glutamatergic synaptic inputs from BCs to the developmental stratification and segregation of RGC dendrites into ON and OFF pathways was derived from a series experiments by Bodnarenko and Chalupa (Bodnarenko & Chalupa, 1993) . During early postnatal development, intraocular injection of APB, an agonist for class III metabotropic GluRs, blocks the developmental stratification and segregation of RGC dendrites into ON and OFF synaptic pathways. About 40% of the RGCs in APB-treated adult retina have their dendrites multistratified in both sublaminae a and b of IPL, which is significantly higher than that of untreated age-matched controls (Bodnarenko & Chalupa, 1993; Bodnarenko et al. 1995 Bodnarenko et al. , 1999 ) and this effect is irreversible with prolonged APB treatment (Deplano et al. 2004) . However, little is known about whether and how GluR-mediated retinal waves per se will mediate the maturation of RGC dendrites.
Light-evoked synaptic activity and the remodelling of retinal synaptic circuitry
It is an important question for normal development of mammalian, particularly human, vision whether the visual input provides a signal for neurons to change their synaptic connections. After the establishment of the initial synaptic wiring, the functional and structural features of retinal synaptic circuitry undergo continuous remodelling during postnatal development. For example, the amplitudes of RGC light responses in cat, ferret and mouse increase after eye opening (Tootle, 1993; Wang et al. 2001a; Tian & Copenhagen, 2001 ). The rate of spontaneous synaptic inputs to RGCs increases approximately 4-fold in 2 weeks after eye opening in mouse (Tian & Copenhagen, 2001 ). Anatomically, RGCs undergo profound dendritic remodelling after retina receives light stimulation. A large portion of RGCs ramify their dendrites near the centre of the IPL at the time of eye opening and receive synaptic inputs from both ON and OFF BCs. After eye opening, RGCs redistributed their dendrites from the centre of the IPL to sublamina a or b of the IPL to receive synaptic inputs from only ON or OFF BCs. Therefore, most of the laminar-specific synaptic connections of RGCs are formed after eye opening in mouse retina ( Fig. 1 ; Xu & Tian, 2007) .
Light stimulation has been shown to influence morphological attributes of the retina. In dark-reared mice, the density of conventional synapses in IPL is greater than that of mice reared in cyclic light (Fisher, 1979b) . In hamster retina, dark rearing blocks an age-dependent remodelling of dendritic complexity of a class of 'aberrant' RGCs (Wingate & Thompson, 1994) . In turtle retina, dark rearing enlarges the diameter of RGC dendritic fields and increases the number of dendritic branches (Sernagor & Grzywacz, 1996) . These studies support the notion that light stimulation can modulate the normal development of synaptic circuitry in vertebrate retina. However, until our recent findings no studies directly addressed the issue of whether light stimulation is required for the developmental segregation of ON and OFF synaptic pathways in mammalian retina. We directly addressed this question by examining the dendritic stratification and synaptic connections of RGCs in dark-reared mice and comparing the results with mice raised under cyclic light conditions. Our results showed that light deprivation blocked the RGC dendritic redistribution from the centre of the IPL to sublamina a (Fig. 2D) , which resulted in a significant increase of the number of RGCs ramifying in both sublamina a and b of the IPL and a decrease of the number of RGCs ramifying only in sublamina a of the IPL (Fig. 2G) . Interestingly, dark rearing has no significant effect on the width of RGC dendritic stratification (Fig. 2F) , supporting the notion that the synaptic activities before and after eye opening might regulate different aspects of RGC dendritic maturation (Xu & Tian, 2007) .
The experimental results described above also indicate that the maturation of RGCs with ON and OFF synaptic inputs is regulated by different synaptic mechanisms. One possible mechanism is that the developmental segregation of RGC dendrites into ON and OFF pathways depends on the strength of synaptic inputs from ON and OFF BCs. If this was the case, selectively altering the strength of synaptic inputs from ON or OFF BCs would change the relative population of ON or OFF RGCs. To test this hypothesis, we examined the relative population of morphologically and functionally identified RGCs in Spastic mice, in which the OFF signal transmission in the rod pathway is largely blocked due to a reduction of glycine receptor expression. In mammalian retina, ON and OFF signals from rod BCs are conducted to cone ON BCs and OFF RGCs through gap junctional connections between cone ON BCs and AII ACs and glycinergic synapses between OFF BCs/OFF RGCs and AII ACs (Dacheux & Raviola, 1986; Smith et al. 1986; Strettoi et al. 1990; Vaney et al. 1991; Wässle et al. 1995; Bloomfield & Dacheux, 2001) . In Spastic mice, the expression of glycine receptor is reduced by 80% (Becker et al. 1986 ), which in turn preferentially decreases the RGC OFF response ( Fig. 2B ; Stone & Pinto, 1992; Xu & Tian, 2008) . If the strength of light-evoked synaptic inputs from OFF BCs is critical for maturation of OFF RGCs, one would expect to find less OFF RGCs in Spastic mutants after eye opening.
Consistent with this idea, we found that both the peak dendritic location and the stratification width of RGC dendrites of Spastic mice are indistinguishable from that of WT controls at the age of P12 ( Fig. 2C and E, respectively), suggesting that mutation of the glycine receptor has minimum effect on the retinal wave-regulated RGC dendritic stratification before eye opening. However, the developmental redistribution of RGC dendrites from the centre to sublamina a of the IPL after eye opening was absent in Spastic mutants, which mimicked the effects induced by light deprivation on WT animals (Fig. 2D) . In addition, light deprivation of Spastic mutants had no additional impacts on RGC dendritic distribution and light response patterns (Xu & Tian, 2008) . These results strongly support the notion that the strength of the light-evoked OFF signal from rods is critical for the developmental redistribution of RGC dendrites from the centre to sublamina a of the IPL.
The anatomical findings predicted that many more RGCs in the P30 dark-reared WT mice or Spastic mutants should be ON-OFF responsive RGCs in comparison with age-matched controls. Multielectrode array (MEA) recordings of light responses from RGCs verified this prediction. In the P27-30 WT mice raised in constant darkness, the percentage of ON-OFF responsive RGCs was 4-fold higher than that of age-matched controls raised in cyclic light but comparable to the percentage of ON-OFF responsive RGCs of P10-12 mice (Tian & Copenhagen, 2003) . Although the number of ON-OFF responsive RGCs of Spastic mutants was low when the retinas were stimulated with low intensity light, it was much higher than that of WT controls when the retinas were stimulated with high intensity lights (Fig. 2B) . This is consistent with the idea that a significant amount of RGCs synapse with both ON and OFF BCs but do not receive OFF synaptic signals from the rod pathway. Similar to our results, a recent report showed that long-term treatment of cat's eyes with intraocular injection of APB significantly reduced the number of α RGCs ramifying in the sublamina a and increased the number of multistratified α cells (Deplano et al. 2004) .
Conclusion
In summary, it can be concluded that the maturation of RGC dendrites and the developmental segregation of ON and OFF synaptic pathways in the retina undergo sequential changes during the first postnatal month. In early postnatal development, a large portion of RGCs diffusely ramify their dendrites in the IPL initially. Then RGCs stratify their dendrites into narrowly ramified pattern near the centre of the IPL primarily through dendritic pruning before eye opening. At this stage, some of the RGCs ramify their dendrites only in sublamina a or b of the IPL but a large number of RGCs still synapse with both ON and OFF BCs in both sublaminae a and b of the IPL. After eye opening, most of the RGCs redistribute their dendrites into specific strata of the IPL and synapse only with ON or OFF BCs. This later dendritic redistribution probably involves both targeted dendritic growth and selective dendritic elimination. Both synaptic activities before and after eye opening regulate RGC dendritic maturation. Spontaneous activity before eye opening seems to regulate the dendritic pruning and stratification of RGCs while light-evoked synaptic activity after eye opening regulates the laminar-specific dendritic distribution of RGCs in the IPL. Light deprivation selectively affected the RGC dendrites distributed in sublamina a of the IPL through affecting the glycine receptor-mediated synaptic transmission.
